Autism is characterized by numerous behavioral impairments, such as in communication, socialization and cognition. Recent studies have suggested that valproic acid (VPA), an anti-epileptic drug with teratogenic activity, is related to autism. In rodents, VPA exposure during pregnancy induces autistic-like effects. Exposure to VPA may alter zinc metabolism resulting in a transient deficiency of zinc. Therefore, we selected zinc as a prenatal treatment to prevent VPA-induced impairments in a rat model of autism. Wistar female rats received either saline solution or VPA (400 mg/kg, i.p) on gestational day (GD) 12.5. To test the zinc supplementation effect, after 1 h of treatment with saline or VPA, a dose of zinc (2 mg/kg, s.c.) was injected. The offspring were tested for abnormal communication behaviors with an ultrasound vocalization task on postnatal day (PND) 11, repetitive behaviors and cognitive ability with a T-maze task on PND 29, and social interaction with a play behavior task on PND 30. Tyrosine hydroxylase protein (TH) expression was evaluated in the striatum. Prenatal VPA decreased ultrasonic vocalization, induced repetitive/restricted behaviors and cognitive inflexibility, impaired socialization, and reduced striatal TH levels compared with control group. Zinc treatment reduced VPAinduced autistic-like behaviors. However, we found no evidence of an effect of zinc on the VPA-induced reduction in TH expression. The persistence of low TH expression in the VPA-Zn group suggests that Zn-induced behavioral improvement in autistic rats may not depend on TH activity.
Introduction
Autism is a highly complex developmental disorder characterized by several behavioral impairments, including decreased social interaction and communication and stereotyped behaviors (Klin, 2006; Wagner et al., 2006) , and called "autism spectrum disorder" (ASD) (DSM-V, 2013) . Autism is associated with multiple etiologic factors, and hence is called "autism spectrum disorder" (ASD) (DSM-V, 2013) . The Centers for Disease Control and Prevention (CDC) found evidence that 1.5% of children in the USA have ASD (Christensen et al., 2016) .
Autism is regularly associated with genetic factors, including rare mutations and interactions between multiple genes in different loci (Abrahams and Geschwind, 2008) . Environmental factors might also play a fundamental role in autism etiology. For example, exposure to toxins during embryogenesis could affect brain development and cause neuropsychiatric disorders (Lyall et al., 2014) . There are environmental risk factors such as viral or bacterial infection (Ohkawara et al., 2015) , ethanol (Nanson, 1992) , tobacco exposure (Tran et al., 2013) , air pollution (Weisskopf et al., 2015) , dietary factors including maternal obesity (Li et al., 2016) and uterine exposure to valproic acid (Moore et al., 2000) , that have been associated with the incidence of autism.
Valproic acid (acid 2-propil-pentanoic, VPA), also known as sodium valproate, has been frequently used as an anti-convulsion drug since 1974 (Arndt et al., 2005; Meunier et al., 1963; Rimmer and Richens, 1985) . It is prescribed for epilepsy (Beydoun et al., 1997) , bipolar disorder (Kmetz et al., 1997) and in headache prophylaxis (Freitag et al., 2002) . Its anticonvulsive effect is associated with an increase in GABA at the brain and consequent block of voltage-dependent sodium channels (Dufour-Rainfray et al., 2011) . Meanwhile, VPA affects epigenetic mechanisms by increase histone deacetylase (HDAC), which is a nuclear and cytoplasmic enzyme responsible for decreasing nuclear histones H2A, H2B and H3 (Dufour-Rainfray et al., 2011; Gurvich et al., 2005) . Drug exposure with high genetic regulation control might modify gene expression related to neurodevelopment.
Clinical studies with humans identified mothers that used prenatal VPA and had autistic children (Christianson et al., 1994) . Incidentally, female rat that receive VPA are seven times more likely to have autistic offspring (Arndt et al., 2005; Dufour-Rainfray et al., 2011) . Prenatal exposure to VPA is considered a reproductive behavioral and neuroanatomical inducer of autistic-like effects (Roullet et al., 2013) . VPA-exposed offspring show alterations such as decreased social interaction, increased repetitive behavior, early signals of neurodevelopmental injury like physical growth and eye opening, and atypical responses to painful stimuli in rodents (Schneider and Przewłocki, 2005) . Thus, prenatal VPA exposure is a widely accepted and valuable model for ASD (Mabunga et al., 2015) .
Zinc supplementation during pregnancy has been studied as a treatment for autism. Kirsten et al., 2015 obtained an effective ASD model in rats through prenatal lipopolysaccharide (LPS) exposure, which induced maternal hypozincemia. Prenatal zinc supplementation was enough to prevent reproductive deficits, as well as offspring communication, socialization and cognition impairments, and disturbances in the striatal dopaminergic system (Galvão et al., 2015; Kirsten et al. (2015a,b) ).
Moreover, we hypothesized that VPA alters zinc accumulation after administration, inducing an acute phase response and a metallothionine (MT) synthesis increase (Daston et al., 1991; Taubeneck et al., 1995) . MT in the liver reduces zinc concentrations in maternal plasma and causes a transient decrease in the availability of zinc to the fetus, which may influence the metabolism of embryonic Zn. Thus, it is possible that zinc supplementation in pregnancy reduces the transient Zn deficiency induced by VPA. Despite the data on pre-natal zinc and its beneficial potential, especially when associated with neurological disorders such as autism, there are no studies demonstrating that correlation. Autism is a complex disorder, and we aim to investigate and provide tools for the better understanding and treatment of ASD. The objective of this study was to evaluate behavioral and biochemical effects of zinc supplementation in VPA-induced ASD.
Materials and methods

Animals
Twenty pregnant Wistar rats (12 weeks; 200-340 g) from the Department of Pathology (School of Veterinary Medicine, University of São Paulo) were used. Before mating, the females were housed in groups of four per cage in a controlled environment (23 ± 2°C temperature and 45-65% humidity) and in artificially lighted rooms with a 12 h light/dark cycle (lights on at 7:00 AM). Food and water were provided ad libitum. All the experiments were performed in accordance with the guidelines of the Bioethical Committee on Care and Use of Laboratory Animal Resources of the School of Veterinary Medicine, University of São Paulo, Brazil (protocol no 1568180714/2014), which are similar to those of the National Research Council, USA. After mating (GD 0 was defined as the day when spermatozoa were detected in the vaginal smear), the dams were placed in separate cages and were exposed to VPA (400 mg/kg) or to saline solution at GD 12.5 in order to produce the experimental and control groups. The first group, SAL +SAL, was formed by male pups of prenatally saline-treated dams that received another saline dose 1 h later (saline has been present as a vehicle on both VPA and Zn solutions). The second group, VPA+SAL, was formed by male offspring of rats prenatally treated with VPA on GD 12.5 followed by a dose of saline 1 h later. The third group, VPA+Zn, was formed by offspring of rats prenatally treated with VPA on GD 12.5 followed by a dose of zinc 1 h later. Finally, the fourth group, SAL+Zn, was formed by offspring of rats prenatally treated with saline followed by a dose of zinc 1 h later. Fig. 1 illustrates a schematic representation of experimentation.
VPA treatment
Sodium valproate (Depacon®) was used to reproduce the autism experimental model. Each ml of the solution used contained sodium valproate (equivalent to 100 mg of valproic acid) and excipient: disodium edetate, water for injections, sodium hydroxide and hydrochloric acid. The dose of 400 mg/kg was based on studies that evaluated the potential effects of moderate dosages (Cohen et al., 2013; Cusmano and Mong, 2014; Wellmann et al., 2014) that were regulated to reduce toxicity and reabsorption in female rats, which was observed at doses of 500 and 600 mg/kg (Favre et al., 2013) . The VPA solution was administered to female rats i.p. on GD 12.5. The saline (0.9% sterile NaCl) solution was administered to the control group. This procedure was performed between 2:00 and 4:00 PM.
Zinc treatment
Pregnant rats were treated with zinc (2 mg/kg) subcutaneously 1 h after VPA treatment. The dose and time interval were based on Kirsten et al. (2015a,b) studies.
Ultrasonic vocalization
Impairments in communication between pups and their mothers were measured with ultrasonic vocalization. This assessment was conduct according to Kirsten et al. (2015a) . Briefly, on PND 11, immediately after pups were isolated from their nests and mothers, they were individually placed in a polypropylene cage (30 × 20 × 12 cm) and brought to a testing room at a controlled temperature of 22°C ± 2°C and separate from the housing room for a 5-min recording session. PND 11 was chosen because (1) ultrasonic vocalization is relatively temperature independent during the second week of life compared with the first week, (2) high within-litter variability in call emission is observed at this time point, and (3) substantial evidence indicates intraindividual stability in call emission at this time point.
T-maze test
The T-maze spontaneous alternation test, based on Kirsten et al. (2015a,b) , was used to evaluate repetitive/restricted behavior and cognitive inflexibility. Briefly, at PND 29, two male pups of each group were evaluated on the apparatus. Five sessions were performed for each rat. For each session, the first choice of the rat in the free choice arms was evaluated, i.e., whether the rat first entered the left or right arms. The parameter analyzed was the percentage (%) of alternation between the left and right arms, which was always assessed in relation to the arm visited in the previous session. This model is based on the natural proclivity of rats to alternate between the visited goal-arms in each trial over a series of successive trials (Dudchenko, 2004) . Thus, a higher percentage of alternation between the arms was considered normal rat behavior, whereas less alternation indicated cognitive inflexibility and repetitive behavior. For statistical analysis, these data were transformed into scores: 0 = no alternations, i.e., repeatedly visiting the same arm for all five sessions, 1 = one alternation, 2 = two alternations, 3 = three alternations, and 4 = four alternations, i.e., always alternating between the visited arms for all five sessions. To eliminate the potentially biasing effects of odor cues left by the previous rat, the apparatus was cleaned with a 5% ethanol/water solution prior to each test.
Play behavior test
The play behavior test based on Kirsten et al. (2015a) was used to evaluate impaired social interaction and play behavior. Briefly, at PND 21, two male rat pups were individually housed in polypropylene cages (38 × 32 × 16 cm) under the same conditions as their parents until PND 30. The social isolation was used to increase the motivation to initiate play behavior (Panksepp and Beatty, 1980) . Play behavior and social interaction were evaluated on PND 30 because this behavior has been shown to peak during this time according to Pletnikov et al. (1999) . For the evaluation, each isolated rat in the three groups was paired with a naïve male rat (i.e., without any treatment) that had previously been housed in a group environment. A 5-min period was allowed for the animals to adapt to the testing room prior to matching. The naïve group rat was always placed into the cage of the isolated rat where the test was conducted. Therefore, the isolates were also referred to as the residents, and the grouped rats were referred to as the intruders. Their behaviors were recorded for 10 min in the testing room isolated from the experimenter. The following parameters were measured only for the isolated rats: pinning frequency (the frequency of play behavior, i.e., the number of times the resident rat laid on its back and showed his belly to the intruder, which mounted the resident from above to complete the social interaction), darting frequency (the number of times the resident moved rapidly towards, in parallel, or away from the intruder), the frequency of crawls over/under the intruder, the duration of time (s) spent following the intruder, the time (s) spent sniffing the intruder, and the rearing frequency (the number of times the resident rat stood on its hind legs without interacting with the intruder). Pinning is considered social play, darts and crawls over/ under are considered play solicitations, following and sniffing the intruder are considered social investigations, and rearing is considered a non-social exploratory behavior (Pletnikov et al., 1999) .
Determination of TH expression
After the 60-minute play behavior test at PND 30, all male offspring of all groups were euthanized (n = 8 per group); all brains were collected, and the striatum was rapidly dissected as previously described (Paxinos; Watson, 1998) and stored at −80°C for subsequent protein extraction over a period of 90 days. The TH levels in the striatum were quantitatively analyzed via Western blot as previously described by Kirsten et al. (2012 Kirsten et al. ( , 2015b . Briefly, the homogenates were subjected to centrifugation, and the supernatant was determined using a protein assay (Bio-Rad; Hercules, CA, USA). The samples from the homogenate were separated on an acrylamide gel and electrotransferred to nitrocellulose membranes using a Trans-Blot cell system (Bio-Rad). The nitrocellulose membranes were then blocked and incubated with primary monoclonal antibodies: mouse anti-TH (Chemicon, Temecula, CA) and rabbit anti-mTOR (Cell Signaling Technology, Danvers, MA). In all experiments, an anti-Beta-actin antibody (Sigma) was used as a loading control. The bound antibodies were visualized using a chemiluminescence kit (ECL Kit; Amersham Biosciences, Little Chalfont, Buckinghamshire, United Kingdom). Finally, the blots were densitometrically analyzed with ImageJ (NIH/USA). Once no changes in the expression levels of β-actin were detected, the optical densities of the TH bands were normalized to the corresponding β-actin bands in each experiment.
Statistical analysis
Homogeneity was verified using an F test or Bartlett's test. In all cases, the results were considered significant at 95% (p < .05). Twoway analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test was used to compare the parametric data among the four groups (SAL+SAL, VPA+SAL, VPA+Zn and SAL+Zn). For nonparametric data, a Kruskal-Wallis test was used, followed by Dunn's test. For correlation tests between two variables in R, Spearman Rank correlation was used. The results are expressed as the mean ± SEM or median (minimum and maximum).
Results
3.1. Prenatal VPA treatment impaired ultrasonic vocalization, while Zn treatment attenuated the problems with male offspring's communication Kruskal-Wallis analyses followed by Mann-Whitney U test revealed significant differences in all parameters evaluated. The total duration of vocalizations ( Fig. 2A) were significantly different [KW = 24.05; p > .0001]. The data comparisons revealed that the prenatal VPA exposure decreased the total duration of vocalizations when compared to the control group [SAL+SAL vs VPA+SAL, p < .0001]. Zn treatment decreased the total duration of vocalizations when compared to the control group [SAL+SAL vs. SAL+Zn, p < .0001]. On the other hand, Zn treatment altered the effects of VPA: it improved the decrease in the total duration of vocalizations compared to the VPA+SAL group [VPA+SAL vs. VPA+Zn, p < .0001]. However, there was also a significant difference compared to control group. The number of vocalizations were significantly different between groups [KW = 25.81; p < .0001]. Prenatal VPA exposure reduced the vocalizations when compared to the control, SAL+SAL vs VPA+SAL (p < .0001). That is, the pups called less for their mothers (Fig. 2B) . Zn treatment mitigated this impairment and produced an increase in ultrasonic calls when compared to VPA, VPA+SAL vs VPA+Zn (p < .001). However, Zn treatment produced a significant difference compared to the control group, but the group SAL+Zn produced a significant difference compared to the control group [SAL+SAL vs. SAL+Zn, p < .0001]. In relation to the maximum duration of vocalizations, we verified significant differences between groups [KW = 10.47; p < .0053]. Prenatal VPA decreased the maximum time of vocalizations when compared to the control group, SAL+SAL vs VPA+SAL (p < .001). Zn treatment reversed the impairment in the maximum time of vocalizations when compared to the VPA-treatment group [VPA+SAL vs VPA+Zn, p < .01), showing similar behavior to the control group. Finally, the mean duration of silence indicated significant differences Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 173-180 [KW = 24.82; p < .0001]. Pups previously exposed prenatally to VPA showed a higher mean duration of silence when compared to control group, SAL+SAL vs VPA+SAL (p < .0001). On the other hand, the zinc reversed the impairment in the mean duration of silence caused by VPA exposure, SAL+SAL vs VPA+Zn (p < .0001). Moreover, this group was significantly different from the control group.
Prenatal VPA treatment induced repetitive/restricted behavior and cognitive inflexibility in male rat offspring
Performance on the T-maze spontaneous alternation task was different between groups (KW = 12.03; p < .002, Fig. 3 ). Prenatal VPA exposure decreased T-maze spontaneous alternation compared to control group (p = .0006) and the group SAL+Zn. Zn treatment did not modify spontaneous alternation in the rats prenatally exposed to VPA (VPA+SAL group vs. VPA+Zn group, p < .05). Thus, prenatal VPA induced repetitive/restricted behavior and cognitive inflexibility.
3.3. Prenatal VPA treatment impaired play behavior, while Zn treatment attenuated the problems in male offspring's social behavior Two-way ANOVA followed by Bonferroni post hoc test revealed that prenatal VPA impaired the social behavior of male offspring. On the frequency of pinning (Fig. 4) , significant differences between groups were seen [F(29) = 16.35; p < .0001]. Zn treatment increased the frequency of pinning when compared to the group exposed only to VPA; VPA+SAL vs VPA+Zn (p < .01). However, the VPA+Zn group was different from the control group (p < .01). Statistical analysis showed significant differences in the frequency of darts [F(29) = 14.43; p < .0001]. Prenatal VPA treatment decreased the frequency of pinning compared to the control group, SAL+SAL vs VPA+SAL (p < .0001). However, Zn treatment did not alter the VPA effect, that is the number of darts remained lower compared to the control group, SAL+SAL vs VPA+Zn (p < .001). At the same time, SAL+Zn treatment decreased the frequency of pinning compared to the control group, but when the analyze others parameters the SAL+Zn group was not different from the control group (Table 1) . Fig. 2 . Effects of prenatal VPA treatment (400 mg/kg on GD 12.5) and Zn treatment (ZnSO4; 2 mg/kg) on ultrasonic vocalizations of male rat offspring (PND 11). Effects of prenatal VPA treatment (400 mg/kg on GD 12.5) and Zn treatment (ZnSO 4 ; 2 mg/kg) on ultrasonic vocalizations of male rat offspring (PND 11). SAL+SAL = prenatal saline and saline after 1 h; VPA+SAL = prenatal VPA treatment and saline 1 h after; VPA+Zn = prenatal VPA treatment and ZN treatment 1 h after; SAL+Zn = prenatal saline and Zn treatment 1 h after; (n = 10 for all groups). *p < .01, **p < .001, ***p < .0001 comparing the groups between brackets; (s) seconds. Kruskal-Wallis test followed by Mann-Whitney post-test. The values are shown as the mean ± SE. Fig. 3 . Effects of prenatal VPA treatment (400 mg/kg on GD 12.5) and Zn treatment (ZnSO 4 ; 2 mg/kg) on T-maze spontaneous alternation in male rat offspring (PND 29). Five-session scores: 0, no alternations; 1, one alternation; 2, two alternations; 3, three alternations; and 4, four alternations. SAL+SAL = prenatal saline and saline after 1 h; VPA+SAL = prenatal VPA treatment and saline 1 h after; VPA+Zn = prenatal VPA treatment and Zn treatment 1 h after; SAL+Zn = prenatal saline and ZN treatment 1 h after; (n = 10 for all groups). ***p < .0006 compared to group SAL+SAL. KruskalWallis test followed by Mann-Whitney post-test. The data are shown as the median (minimum and maximum).
L.C. Cezar et al.
Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 173-180 3.4. Prenatal VPA treatment decreased TH protein levels in the striatum of male rat offspring TH protein levels were different between groups in the striatum (KW = 13.10; p = .0014, Fig. 5 ). The TH protein levels were reduced by prenatal VPA exposure in the striatum of the offspring compared to the control group (p < .001). Zinc treatment was unable to increase the striatal TH levels in the rats prenatally exposed to VPA, and the VPA+Zn group also had lower TH levels than the control group; SAL +SAL vs VPA+Zn (p < .0001).
Number of vocalizations correlates with pinning frequency
Correlation tests showed that the number of vocalizations and frequency of pinning in individual animals was negative in the VPA+SAL group. A negative correlation between pinning frequency and the number of vocalizations was revealed only in the VPA group (Fig. 6 ).
Discussion
According to the data in this study, the rat model of autism induced by prenatal VPA was effective. The zinc treatment ameliorated the autistic-like behaviors. However, no evidence was found of zinc interference with VPA-induced reduction in TH levels.
The offspring exposed to VPA on GD 12.5 showed impairments in communication, reducing the number of calls and increasing the time spent in silence, thus suggesting that the reduction in ultrasonic calls was due to VPA prenatal exposure. Possibly, this effect became more evident on the test on PND11, a time of greater susceptibility for these pups (Felix-Ortiz and Febo, 2012) . Walcott et al. (2011) suggested that this effect of prenatal VPA in reducing animal communication is related to postnatal changes in synaptic activity and neural excitability (Walcott et al., 2011) .
Animals that insist on visiting the same spatial location in one of the arms of the T-maze are considered an "autistic type" (Crawley, 2007; MacFabe et al., 2011) . Thus, our experimental model of autism is consistent with the literature regarding cognitive inflexibility (Schneider et al., 2006 (Schneider et al., , 2008 Schneider and Przewłocki, 2005; Zhang et al., 2012) .
Zinc has functional involvement in various signaling and metabolic pathways in the CNS. This metal is involved in neuronal genesis and plasticity (Frederickson et al., 2000; Takeda and Tamano, 2015) . Experimental pregnant mice fed a zinc-deficient diet gave birth to offspring that exhibited deficits in ultrasonic vocalization (Pfaender and Grabrucker, 2014) . Zinc might intervene in vital organic functions. It is involved in fetal growth, cellular differentiation and reproduction, tissue repair and immunity (Brätter et al., 1998; Hagmeyer et al., 2014) . There are > 300 zinc-dependent enzymes, many of them expressed in the central nervous system (CNS) (Jan et al., 2002) . These data indicate that zinc deficiency could be associated with neuronal dysfunction, including neurodevelopmental disorders such as autism (Leal et al., 2015) .
A zinc administration of 2 mg/kg s.c. promotes an immediate and consistent increase of plasma zinc, which is four to five times higher than the normal level in 2 h after the injection (Summers et al., 2006) . There are no evidences about negative effects from those zinc plasma levels and pregnancy (Carey et al., 2003) . The zinc level retrieval in that treatment after 12 h of administration matches with the total excretion time of the drug. The safety dose of zinc was determined by COYLE and collaborators (Summers et al., 2006) , in which studies had human supplementation. Our results with the SAL+Zn demonstrated that the zinc supplementation has benefits when the levels of that ion are compromised. The zinc supplementation in normal animals harmed the offspring vocalization and the social play, performing the toxic Fig. 4 . Effects of prenatal VPA treatment (400 mg/kg on GD 12.5) on play behavior in male rat offspring (PND 30). SAL+SAL = prenatal saline and saline after 1 h; VPA+SAL = prenatal VPA treatment and saline 1 h after; VPA+Zn = prenatal VPA treatment and ZN treatment 1 h after; SAL +Zn = prenatal saline and ZN treatment 1 h after; (n = 10 for all groups). *p < .01, **p < .001, ***p < .0001 comparing groups between brackets; (s) seconds. Two-way ANOVA followed by Bonferroni test. The data are shown as the mean ± SEM. Effects of prenatal VPA treatment (400 mg/kg on GD 12.5) and Zn treatment (ZnSO4; 2 mg/kg) on different parameters measured with the play behavior test in young male rat offspring (PND 30). SAL+SAL = prenatal saline and saline after 1 h; VPA+SAL = prenatal VPA treatment and saline 1 h after; VPA+Zn = prenatal VPA treatment and ZN treatment 1 h after; SAL+Zn = prenatal saline and ZN treatment 1 h after; (n = 10 for all groups). *p < .01, **p < .001, ***p < .0001 compared to SAL +SAL group, #p < .05, ##p > .001 and ###p < .0001 compared to VPA+SAL and %p < .05, %%p > .001 and %%%p < .0001 compared to VPA+SAL; two-way ANOVA followed by Bonferroni test. The data are shown as the mean ± SEM. Fig. 5 . Effects of prenatal VPA treatment (400 mg/kg on GD 12.5) and Zn treatment (ZnSO4; 2 mg/kg) on TH levels in the striatum (normalized optical density/β-actin ratio, Western blot). SAL+SAL = prenatal saline and saline after 1 h; VPA+SAL = prenatal VPA treatment and saline 1 h after; VPA+Zn = prenatal VPA treatment and ZN treatment 1 h after; SAL +Zn = prenatal saline and ZN treatment 1 h after; (n = 8 for all groups). *p < .01, **p > .001, ***p < .0001 comparing groups between brackets; Kruskal-Wallis test followed by Mann-Whitney test. The data are shown as the mean ± SEM.
L.C. Cezar et al. Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 173-180 effect of zinc. VPA and zinc may interact indirectly. The use of the drug may interfere with the nutrient's metabolism (Bui et al., 1998) . The toxic effect of VPA, associated with zinc during rat pregnancy, might occur indirectly, altering tissue levels of zinc after its administration to the mother, inducing an acute response resulting in an increase in metallothionine (MT) (Daston et al., 1991; Taubeneck et al., 1995) . In the liver, the MT reduces zinc concentrations in mother's plasma and causes a transitory reduction of zinc availability to the fetus, which might influence fetal zinc metabolism and lead to abnormal development (Bui et al., 1998; Daston et al., 1991; Taubeneck et al., 1995) . In Bui et al.'s (1998) experiment, zinc supplementation was able to modulate VPA teratogenic effects and avoid offspring damage (Bui et al., 1998) .
Regarding the treatment with zinc in the present study, it was able to re-establish spontaneous alternation through the T-maze in males prenatally treated with VPA. Kirsten et al. (2015a) , in an experiment using prenatal LPS, showed that after treatment with zinc, rats reestablished spontaneous alternation in the T-maze (Kirsten et al. (2015a) ).
Another important aspect for confirmation of the autism model induced by prenatal VPA was the evaluation of play behavior. This test measured the social interest of the pups. The behavioral effects of VPA exposure rats suggest delays in the maturation of the early social interactions of rats and disturbed sensory system function (Schneider and Przewłocki, 2005) . Our results confirm the existence of similarities between the observed patterns of behavioral changes in rats and those observed in patients with autism A negative correlation between pinning frequency and the number of vocalizations was present only in autistic-like animals in the VPA-SAL group. Although these two parameters showed low expression in these animals, such a finding seems to be consistent with an autistic-like profile. Even those autistic subjects that still express some social behavior do it in a small scale.
In our study, zinc treatment was able to alleviate cognitive inflexibility and impairments in social play, including pinning, social investigation, and sniffing the partner, in autistic-type rats that resulted from VPA treatment. In addition, the impairment of the vocalization patterns of these animals was attenuated. Perhaps the results obtained with zinc treatment in this study were due to VPA being able to act on the metabolism of this ion and contributing to the development of autism.
Recently, studies have reported that zinc deficiency is often associated with neuropsychiatric disorders (Gao et al., 2011; Pfaender and Grabrucker, 2014; Takeda et al., 2007; Whittle et al., 2009 ). Some hypotheses have been developed, including that prenatal zinc deficiency is capable of influencing a signaling pathway in glutamatergic synapses that has been identified in genetic mutations associated with ASD patients (Bourgeron, 2009; Huguet et al., 2013; Pfaender and Grabrucker, 2014) . These findings on the action of zinc are consistent with the possible mechanisms by which VPA causes cognitive impairment. Monti et al. (2009) suggest that neuronal development can be disrupted by VPA in embryonic critical stages through glutamatergic reduction and increases in GABAergic synaptic signaling (Monti et al., 2009) .
Our results showed reduction in the expression of striatal TH, the Graph of correlation between the number of vocalizations and pinning frequency in individual animals prenatally treated with VPA (400 mg/kg on GD 12.5) and Zn treatment (ZnSO4; 2 mg/kg). SAL+SAL = prenatal saline and saline after 1 h (A); VPA+SAL = prenatal VPA treatment and saline 1 h after; VPA+Zn = prenatal VPA treatment and ZN treatment 1 h after (B); SAL+Zn = prenatal saline and Zn treatment 1 h after; (n = 8 for all groups) (C).
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Progress in Neuropsychopharmacology & Biological Psychiatry 84 (2018) 173-180 limiting step in dopamine biosynthesis, in male offspring prenatally treated with VPA. Thus, it is possible that striatal dopaminergic function has been altered in the VPA-induced autism model. Our study evaluated striatal TH in male offspring treated with prenatal zinc after exposure to VPA. In animals exposed to VPA, there was a reduction in TH expression. However, TH expression was not improved in the VPA+Zn animals. This finding indicates that treatment with zinc after prenatal exposure to VPA was not able to restore the suitable functioning of the dopaminergic system. On the other hand, the complexity of the functioning of this system is far from being contemplated solely by evaluating the expression of the TH protein.
In the autism model using prenatal LPS, treatment with zinc improved several "autistic" symptoms, including partial improvement in striatal TH levels (Kirsten et al., 2015a) . This TH protein improvement, induced by zinc treatment, was not observed in the present study. This difference suggests that the models of autism induced by VPA and LPS differ in their response to zinc. Thus, there may also be a qualitative or quantitative difference in functional aspects in these models, including the degree of ASD.
Consideration should be given to the dose of the pharmacological stressor capable of causing a transient reduction in maternal zinc levels if the pharmacological dose is not sufficient to generate an acute phase response in the mother and it is not possible to alter zinc levels (Bui et al., 1998) . Thus, VPA's action on zinc metabolism and its consequences on dopaminergic synapse function might have translational relevance.
Conclusions
In conclusion, our results were revealed in different behavioral categories induced by prenatal VPA, confirming the experimental model in rats of autism. However, our treatment with zinc is able to attenuate the characteristic symptoms of autism induced by VPA. However, we found no evidence of an effect of zinc on the VPA-induced reduction in TH expression. The persistence of low TH expression in the VPA-Zn group suggests that the Zn-induced behavioral improvement in autistic rats may not depend on TH activity.
The present findings may contribute to understanding the role of zinc in ASD prevention and its treatment.
